INTRODUCTION
In the Caenorhabditis elegans zygote, generation of the anterior/ posterior (A/P) axis is carried out by two cooperating processes: protein redistribution by the mechanical action of actin and myosin and biochemical activities of anterior-and posterior-specific partitioning defective (PAR) protein complexes (Kemphues et al., 1988; Munro et al., 2004) . The proteins driving both processes function in the cortex of the embryo, where they generate distinct anterior and posterior cortical domains ( Figure 1A ; Etemad-Moghadam et al., 1995; Guo and Kemphues, 1995; Boyd et al., 1996; Tabuse, Izumi, et al., 1998; Hung and Kemphues, 1999; Cuenca et al., 2003; Munro et al., 2004; Motegi and Sugimoto, 2006; Schonegg and Hyman, 2006) . These cortical domains then direct the segregation of cytoplasmic cell fate determinants into anterior and posterior daughter cells, thus dictating the axis of the developing worm (Kemphues et al., 1988; Schubert et al., 2000) .
The first polarizing process-mechanical action of the actin-myosin cortex-moves cortical material toward the anterior pole of the embryo (Munro et al., 2004) . Initially, large contractile aggregates of nonmuscle myosin II heavy chain (NMY-2) flow toward the anterior pole, leaving a relatively inactive cortical domain at the posterior pole (Figure 1A, left) . This period of active polarization is known as the establishment phase (Cuenca et al., 2003; Munro et al., 2004) .
Once the actin-myosin network has been drawn approximately halfway across the embryo, it transitions from the establishment to the maintenance phase. There is a loss of actin-myosin contraction, and the large actin-myosin aggregates are replaced by numerous smaller actin-myosin foci concentrated in the anterior domain of the embryo (Figure 1 , A, middle, and B, wild type; Munro et al., 2004; Motegi and Sugimoto, 2006; Schonegg and Hyman, 2006; Willis et al., 2006) . The extent of the embryo occupied by the actin-myosin cortex also remains relatively constant. The exact mechanism that maintains this A/P border is unknown, although it appears to require PAR protein activity (Munro et al., 2004; Velarde et al., 2007) . This polarized morphology is maintained until cytokinesis, at which point, the cortex reassembles into the cytokinetic ring (Figure 1A, right; Willis et al., 2006; Velarde et al., 2007) .
During the maintenance phase, NMY-2 is regulated by the Rho GTPase CDC-42. In the absence of CDC-42, NMY-2::green fluorescent protein (GFP) disappears from the anterior cortex at the establishment-to-maintenance transition (Motegi and Sugimoto, 2006; Schonegg and Hyman, 2006) . Active CDC-42, bound to GTP, is localized to the anterior of the embryo (Aceto et al., 2006; Kumfer et al., 2010) . CDC-42 is inactivated in the posterior by the regulated hydrolysis of GTP to GDP (Kumfer et al., 2010) . Inactive CDC-42 is reactivated in the anterior by the exchange of GDP for GTP (Kumfer et al., 2010) . In this way, CDC-42 activity is localized to the anterior to ultimately regulate NMY-2 localization and activity.
The second regulatory network that specifies the A/P axis is biochemical in nature and involves the PAR proteins. The PARs are a functionally diverse family of proteins that are necessary for proper specification of the zygote A/P axis and the partitioning of cytoplasmic cell fate determinants into the two daughter cells (Kemphues et al., 1988; Levitan et al., 1994; Etemad-Moghadam et al., 1995; Guo and Kemphues, 1995; Watts et al., 1996; Hung and Kemphues, 1999; Schubert et al., 2000) . The PAR proteins considered in this study (PAR-1, PAR-2, PAR-3, and PAR-6) localize to the cortex of the zygote, although their specific localization patterns differ ( Figure 1A ; Etemad-Moghadam et al., 1995; Guo and Kemphues, 1995; Boyd et al., 1996; Tabuse, Izumi, et al., 1998; Hung and Kemphues, 1999; Motegi et al., 2011) . PAR-3, PAR-6, and atypical protein kinase c (PKC-3) form the anterior PAR complex (PAR-A), which localizes to the anterior pole of the zygote. PAR-1 and PAR-2 form the posterior PAR complex (PAR-P), which localizes to the posterior pole. PAR-A and FIGURE 1: PAR-2, PAR-3, and PAR-6 are necessary during maintenance phase for proper NMY-2::GFP cortical distribution. (A) Polarization process in C. elegans zygotes, illustrating anterior PAR proteins (red), posterior PAR proteins (blue), and the actin-myosin network (green). In this and all subsequent figures, unless otherwise noted, the anterior pole is oriented to the left. (B) Confocal fluorescence microscopy of NMY-2::GFP on the cortex of wild-type and par mutant embryos during maintenance phase. par-3, I and par-3, II indicate phenotypic class I and class II par-3 embryos, respectively (see the text for definitions). In this and subsequent figures, unless otherwise noted, images are maximum intensity projections of one side of the cortex, yellow outlines indicate the extent of the egg shell, and scale bar is 10 μm. Embryos similar to those shown here and in D are displayed in Supplemental Videos S1 (wt), S2 (par-3, II), S3 and S4 (par-2ts) , and S6 and S7 (par-1). (C) Average NMY-2::GFP fluorescence in the anterior and posterior regions and the whole cortex of embryos represented in B. Anterior or Occupied indicates regions of visibly high NMY-2::GFP occupancy in wt, par-1, and par-3 class II embryos or the anterior half of par-2ts, par-3 class I, and par-6 embryos. Posterior or Unoccupied indicates regions of visibly low NMY-2::GFP occupancy in wt, par-1, and par-3 class II embryos or the posterior half of par-2ts, par-3 class I, and par-6 embryos. In this and subsequent figures, error bars indicate 95% confidence interval of the mean.
We next examined NMY-2::GFP localization in embryos with posterior par mutations: the truncation mutant par-1(b274) and the temperature-sensitive par-2(or373ts) (Kemphues et al., 1988; Hurd and Kemphues, 2003; O'Rourke et al., 2011) . In par-2ts mutant embryos at the restrictive temperature, ectopic NMY-2::GFP associated with the posterior cortex during the maintenance phase ( Figure 1 , B and C). In contrast, in par-1 embryos, NMY-2::GFP was associated with the anterior cortex as in wild-type embryos, except that occasionally the domain of anterior NMY-2::GFP was reduced in size, as previously reported for actin (Figure 1 , B and C; Velarde et al., 2007) . The anterior domain accumulated NMY-2::GFP to at least wild-type average levels, although the domain's reduced size caused the total amount of NMY-2::GFP to drop slightly. These results indicate that the posterior PAR-2, but not its posterior companion PAR-1, is necessary to exclude NMY-2::GFP from the posterior cortex.
It has been shown that PAR-2 prevents both ectopic association of NMY-2 with the posterior cortex and regression of polarized NMY-2 from the anterior domain back into the posterior domain at the transition from the establishment to the maintenance phase (Munro et al., 2004) . In our hands, many par-2ts embryos showed the regression observed by Munro et al. (2004) , whereas others showed ectopic NMY-2::GFP association without regression (Supplemental Videos S3 and S4). It has also been shown that PAR-3 is necessary to regulate association of NMY-2::GFP with the maintenance-phase cortex in embryos lacking establishment-phase NMY-2::GFP (Zonies et al., 2010) . We saw an increase in NMY-2::GFP fluorescence across the cortex of par-3 class I embryos and in the forming NMY-2::GFP patch in par-3 class II embryos (class I, Supplemental Video S5; class II, Supplemental Video S2). Thus our observations agree with previous research showing that PAR-2 and PAR-3 are necessary to prevent de novo, ectopic NMY-2::GFP cortical association.
PAR-2 requires PAR-3 and PAR-6 to regulate NMY-2 cortical association Distinct PAR-A and PAR-P cortical domains are maintained by the ability of each complex to remove the other from the cortex (Hao et al., 2006) . Because of this mutual inhibition, we sought to determine how PAR-A and PAR-P work together to regulate NMY-2 cortical association. Zonies et al. (2010) found in par-3 mutant embryos, PAR-2 was no longer required to prevent ectopic, anteriorlike NMY-2 in the posterior domain. However, Beatty et al. (2013) found that in par-6 mutant embryos, PAR-2 was still necessary to prevent anterior-like NMY-2 in the posterior domain. In light of these seemingly contradictory results, we sought to clarify how PARs regulate the association of NMY-2 with the cortex.
When par-3 worms were treated with par-2 RNAi, the par-3 mutant allele was epistatic to par-2 RNAi, causing a significant reduction in NMY-2::GFP across the cortex of embryos treated with par-2 RNAi (Figure 2, A and B) . The exception to this epistasis is that par-2 RNAi caused a loss of par-3 class II mutant phenotypes (empty vector, 6 of 20; par-2 RNAi, 0 of 29; p < 0.01 by Fisher's exact test). Similarly, in our hands, the par-6 mutant allele was also epistatic to par-2 RNAi, resulting in uniformly medium levels of NMY-2::GFP on the cortex (Figure 2 , C and D). Thus we observed that both anterior PARs, par-3 and par-6, are epistatic to par-2.
We also observed that par-3 RNAi in par-6 mutant embryos produced no significant difference in NMY-2::GFP association from that of either par-6 mutant embryos treated with empty vector RNAi or par-6/+ balanced embryos treated with par-3 RNAi (Figure 2 , C and D), as would be expected if PAR-3 and PAR-6 require each other to function (Watts et al., 1996; Hung and Kemphues, 1999) . exclusion from the anterior. However, the ability of the PARs to in turn regulate actin-myosin dynamics is less characterized. It has been shown that loss of PAR-2 causes a regression of NMY-2 back into the posterior domain (Munro et al., 2004) . In addition, PAR-6 is necessary for proper localization of a constitutively active CDC-42 mutant (Aceto et al., 2006) . More recently, two studies examined specifically how activation of CDC-42 requires PAR signaling (Kumfer et al., 2010; Sailer et al., 2015) . They found that PAR-A is required for activated CDC-42 in the anterior, whereas PAR-2 is necessary to exclude activated CDC-42 from the posterior.
The foregoing data show that there is cross-talk from the PAR pathway to the actin-myosin cortex. Indeed, some of the roles of PAR signaling in C. elegans, as evidenced by par and nmy-2 mutant phenotypes, may be a result of cooperation between PARs and NMY-2 . Understanding this regulation is critical to understanding the polarization process, especially because actin-myosin and PAR proteins also work together in a number of other contexts, such as neuroblast asymmetric cell division and regulation of vesicle trafficking (Ou et al., 2010; reviewed in Harris and Tepass, 2010) . However, there is still not a comprehensive picture of this cross-talk. How does NMY-2 localization rely on PAR signaling? Which PAR proteins more directly regulate NMY-2? How can we uncover unexpected roles for PAR signaling in regulating cortical dynamics? To address these questions, we examined cortical NMY-2 in a variety of par mutant embryos, allowing us to see the effects of perturbing PAR signaling and hypothesize what elements of NMY-2 regulation remain uncharacterized. We found that PAR signaling is necessary to restrict CDC-42-dependent NMY-2 to the anterior cortex during the maintenance phase. We also found that PAR signaling prevents displacement of the polarized actin-myosin cortex.
RESULTS

par genes regulate NMY-2 association with the cortex
In the maintenance phase of the C. elegans zygote, NMY-2 is localized to the anterior cortex ( Figure 1A ; Munro et al., 2004) . This is the same region occupied by PAR-A proteins PAR-3 and PAR-6 ( Figure  1A ; Hung and Kemphues, 1999; Cuenca et al., 2003) . To determine whether the PAR proteins have a role in regulating NMY-2 association with the cortex, we examined localization of NMY-2::GFP in embryos of different par mutant backgrounds.
We first examined NMY-2::GFP localization in embryos with anterior par mutations: the amber mutant par-3(e2074) and the RNAnull par-6(zu222) (Kemphues et al., 1988; Cheng et al., 1995; Hung and Kemphues, 1999 ; for simplicity, here and elsewhere, embryo genotypes and RNA interference [RNAi] refer to the maternal contribution to the embryo). In par-3 mutant embryos, we observed two phenotypes: uniform distribution of NMY-2::GFP over the entire visible cortex (20 of 28, designated as phenotype class I) or a mislocalized patch of NMY-2::GFP (8 of 28, designated as phenotype class II; Figure 1B , par-3, I and par-3, II, respectively). In par-3 class I embryos, the total amount of NMY-2::GFP on the cortex decreased slightly relative to wild type, even as posterior NMY-2::GFP increased ( Figure 1C ). In par-3 class II embryos, the patch of NMY-2::GFP moved across the cortex of the embryo (wild type, Supplemental Video S1; par-3, Supplemental Video S2). We conclude that par-3 is required to properly restrict NMY-2 to the anterior cortex. In par-6 mutant embryos, we observed uniform, intermediate levels of NMY-2::GFP, similar to par-3 class I ( Figure 1 , B and C). However, we did not observe any par-6 class II embryos (0 of 28 embryos). This difference indicates that PAR-3 and PAR-6 have distinct roles with respect to NMY-2::GFP cortical association, but both are necessary for restricting NMY-2::GFP to the anterior of the embryo.
However, RNAi against par-3 produced no class II embryos in both par-6 and par-6/+ worms, suggesting that the presence of a moving patch of NMY-2::GFP requires wild-type levels of PAR-6 and that PAR-6 is still able to influence the cortex in the absence of PAR-3. Taken together, our results indicate that, with respect to NMY-2 regulation, PAR-2 mainly functions to restrict PAR-A to the anterior of the embryo, whereas anterior PARs more directly promote the accumulation of anterior-like levels of NMY-2 ( Figure 3 ). The anterior PARs generally require each other for NMY-2 polarization, but occasionally, in the absence of PAR-3, PAR-2 and PAR-6 are capable of supporting the formation of NMY-2 patches.
CDC-42 is necessary for NMY-2 cortical association in par mutant embryos
In wild-type embryos, the Rho GTPase CDC-42 is critical for recruiting high levels of NMY-2 to the anterior cortex during the maintenance phase (Motegi and Sugimoto, 2006; Schonegg and Hyman, 2006) . Because par mutations cause aberrant NMY-2 localization, we sought to determine whether the misregulated NMY-2 described earlier was similarly dependent on CDC-42. Strong cdc-42 RNAi completely eliminates polarized, anterior NMY-2::GFP (Motegi and Sugimoto, 2006; Schonegg and Hyman, 2006) ; therefore, we only partially reduced cdc-42 levels in par mutant embryos so that NMY-2::GFP polarization was still visible (see Materials and Methods). When cdc-42 was reduced in balanced embryos, NMY-2::GFP levels on the cortex were reduced by ∼31% ( Figure 4B ). In par-2 mutant embryos, cdc-42 reduction lowered NMY-2::GFP levels by a similar amount (Figure 4 , A and B), indicating that ectopic posterior NMY-2::GFP is still dependent on CDC-42. This suggests that PAR-2 specifically inhibits CDC-42-dependent NMY-2 in the posterior domain. . In addition, in par-1 embryos, NMY-2::GFP foci moved in the circumferential direction on average, around the A/P axis rather than toward the anterior or posterior pole of the embryo ( Figure 5 , A and C, and Supplemental Video S5), although occasionally we did see movement along the A/P axis (Supplemental Video S6). PAR-1 protein in wild-type embryos is localized to the posterior cortex (Etemad-Moghadam et al., 1995) , so we anticipated that ectopic NMY-2::GFP movement would be greatest in the posterior region. Surprisingly, NMY-2::GFP foci moved at similar speeds in both the anterior and posterior regions of the embryo, indicating that PAR-1 suppresses NMY-2::GFP movement throughout the embryo (Supplemental Figure S1 and Supplemental Video S5).
When cdc-42 was reduced in par-3 or par-6 mutant embryos, NMY-2::GFP was also reduced on the cortex (Figure 4, C and D, and E and F, . This reduction was uniform across the cortex, indicating that NMY-2::GFP across the entire cortex in par-3 and par-6 embryos is dependent on CDC-42. Similar to par-2, this indicates that par-3 and par-6 are important in restricting specifically CDC-42-dependent NMY-2::GFP to the anterior cortex.
PAR-1 and PAR-3 suppress NMY-2 movement during maintenance phase
The mobility of the NMY-2::GFP patch observed in par-3 class II embryos (Supplemental Video S2) prompted us to ask whether par genes not only regulate NMY-2 association but also suppress NMY-2 cortical movement during the maintenance phase. To assay this, we measured the movement of NMY-2::GFP foci across the cortex in wild-type and par mutant embryos. In wild-type embryos during the maintenance phase, NMY-2::GFP foci moved across the allele but instead are the result of loss of the wild-type par-1 allele.
NMY-2::GFP foci were also more mobile in par-2 and par-3 embryos. In par-2 embryos, we saw increased NMY-2::GFP movement ( Figure 5B ), which corresponded well with that reported by Munro et al. (2004) and Sailer et al. (2015) . par-3 embryos also showed increased NMY-2::GFP movement on the cortex during the maintenance phase ( Figure 5, A and B) , although the direction of movement was not significantly different from wild type ( Figure 5 , A and C). When we examined NMY-2::GFP movement through time, NMY-2::GFP speed in par-1 embryos increased gradually as the Studies indicated that the par-1(b274) allele used here has neomorphic activity in the anterior cytoplasm rather than being null (Hurd and Kemphues, 2003; Tenlen et al., 2008; Griffin et al., 2011) . To address this possibility, we performed RNAi against par-1 in par-1(b274) mutant embryos, which should deplete them of any mutant PAR-1 protein. We found that not only did par-1 RNAi not suppress our ectopic NMY-2::GFP movement phenotype, but it also replicated the par-1(b274) phenotype in balanced, par-1(b274)/+ worms (Supplemental Figure S2) . We therefore conclude that our particular par-1 mutant phenotypes are not the result of the presence of a neomorphic par-1(b274) Figure 1B . Axial and circumferential sections are described in Materials and Methods. Blue arrows trace the movement of NMY-2::GFP foci across the cortex through time. The yellow bar indicates the transition from establishment phase to maintenance phase. In circumferential kymographs, the anterior pole is oriented downward in each individual section. Embryos similar to those shown here are displayed in Supplemental Videos S1 (wt) and S6 (par-1). (B, C) Average speed (B) and direction (C) of movement of NMY-2::GFP foci in wild-type and par-mutant embryos. In this and subsequent figures, an angle of 0° represents movement toward the posterior pole, and an angle of 180° represents movement toward the anterior pole; no distinction is made between up or down movements orthogonal to the A/P axis.
anomalous because separate measurement of the anterior and posterior domains by centered analysis, as well as visual inspection of image sequences, showed that significant NMY-2::GFP foci movement occurs in both the anterior and posterior of the embryo (Supplemental Figure S1 and Supplemental Video S5). As a result of these discrepancies, we used centered analysis for the remainder of the study.
PAR-2 and PAR-6 drive NMY-2 movement in the absence of PAR-3
Given that PAR-2 and PAR-6 are necessary for par-3 class II phenotypes (Figure 2) , we tested whether they also are necessary for ectopic NMY-2 movement. In par-3 mutant embryos treated with par-2 RNAi, we observed that the average speed of NMY-2::GFP movement on the cortex was significantly decreased relative to empty vector RNAi ( Figure 6, A and B) . Similarly, par-6 RNAi in par-3 mutant embryos also caused a significant decrease in NMY-2::GFP speed ( Figure 6 , A and B). This indicates that both PAR-2 and PAR-6 are necessary for the par-3 NMY-2::GFP movement phenotype. However, there was no significant change in the direction of NMY-2::GFP movement ( Figure  6C ), suggesting that the direction of movement is set by some asymmetric feature that does not rely on maintenance-phase PAR asymmetries.
PAR-2, PAR-3, and PAR-6 set the direction of PAR-1-inhibited NMY-2 movement
Given that PAR-2 and PAR-6 are required for PAR-3-inhibited movement, we hypothesized that they also drive PAR-1-inhibited movement. To test this hypothesis, we assayed NMY-2::GFP movement in par-1 embryos depleted of par-2, par-3, and par-6 by RNAi. We noted that NMY-2::GFP in par-1, empty vector RNAi embryos moved more slowly than in untreated par-1 mutant embryos (contrast Figure 5 with Figures 7 and 8) . This is possibly a consequence of the different culturing conditions and elevated incubation temperature of RNAi experiments (25 vs. 20°C). In addition, the variation within different par-1 mutant embryo populations can be relatively high, likely contributing to variation between experiments. When any of par-2, par-3, or par-6 was knocked down in par-1 embryos, the speed of NMY-2::GFP movement was unaffected ( Figure  7, A and B) . However, rather than moving circumferentially around the embryo, NMY-2::GFP foci moved in a more posterior direction ( Figure 7 , A and C). This suggests that in the absence of PAR-1, the other PARs act to restrict NMY-2::GFP from moving back into the posterior domain. When any of par-2, par-3, or par-6 is removed from the embryo, A/P asymmetry is lost ( Figure 1B) , and so NMY-2::GFP is free to move into the posterior. It is intriguing that the speed of NMY-2::GFP movement did not change when NMY-2::GFP asymmetry was lost. We conclude that, unlike PAR-3, PAR-1-inhibited movement does not emerge from dynamic interactions between anterior and posterior PARs (Figure 9, A and B) . maintenance phase progressed, and par-3 embryos showed elevated NMY-2::GFP speed particularly in the middle of the maintenance phase (Supplemental Figure S3 ). Thus we conclude that PAR-1 and PAR-3, along with PAR-2, as previously reported, are necessary to suppress movement of the cortex during the maintenance phase.
One caveat of our method of measurement is that the entire embryo is not featured in the analyzed kymographs but instead is represented by two perpendicular kymographs "centered" on the midpoint of the embryo. To address this issue, we also measured movement by tiling kymographs across the entire visible surface of the embryo (Supplemental Figure S4A) . The resulting "tiled" analysis produced trends similar to centered analysis, with two differences. Our observed par-2 NMY-2::GFP movement phenotype disappeared in tiled analysis (Supplemental Figure S4, A and B) . This is contrary to the phenotypes observed by Munro et al. (2004) and Sailer et al. (2015) . The phenotype they observed manifested near the posterior pole, and so it is likely that tiled kymographs situated at the extreme top and bottom of the image, which do not touch the posterior pole, cannot contain this movement, and this suppresses the observed effect. We also saw that, with tiled analysis, the observed par-1 NMY-2::GFP movement phenotype was present but reduced (Supplemental Figure S4, A and B) . This seems the polarity of the maintenance-phase cortex. In its absence, the anterior PAR-6 domain expands and the posterior PAR-2 domain retracts. Here we show that PAR proteins similarly promote proper NMY-2 association with the anterior cortex. This suggests cooperation between PAR and NMY-2 polarity. We speculate that PAR signaling polarizes NMY-2 for the purpose of stabilizing the PAR domains. A similar hypothesis was proposed for actin and PAR-3/6 by Velarde et al. (2007) and for NMY-2 and PAR-2 by Munro et al. (2004) and Motegi and Sugimoto (2006) , and here we extend this idea to hypothesize that PAR-3 and PAR-6 concentrate NMY-2 in the anterior, so that the domain boundary maintains its proper position.
Mechanisms by which PAR proteins may regulate NMY-2 cortical association
The molecular mechanism by which PAR proteins regulate NMY-2 cortical association is still undetermined. One hypothesis is that PAR proteins directly regulate CDC-42 activity, which then promotes NMY-2 cortical association. Recent evidence indicated a positive physical interaction between PAR-6 and CDC-42 (Aceto et al., 2006; Kumfer et al., 2010; Sailer et al., 2015) . Of interest, our cdc-42 partial knockdown experiments suggest that CDC-42 still has residual activity in the absence of PAR-6, which is contrary to previous observations (Kumfer et al., 2010) . A potential explanation is that PAR-6 is CDC-42 inhibits NMY-2 movement in the absence of PAR-1
Because PAR-1-inhibited NMY-2::GFP ectopic movement is not driven by PAR dynamics, we hypothesized that movement requires CDC-42, which regulates the actin-myosin cortex during the maintenance phase. We reduced cdc-42 levels by partial RNAi (see Materials and Methods). Unexpectedly, cdc-42 reduction in par-1 embryos caused NMY-2::GFP movement to increase significantly (Figure 8, A and B) . The direction of movement, however, was unchanged ( Figure 8, A and C) . Thus CDC-42 does not drive NMY-2::GFP movement in the absence of PAR-1 but instead inhibits it ( Figure 9B ). Also note that movement does not strictly rely on the levels of NMY-2 on the cortex.
DISCUSSION
Cross-regulation between PAR proteins and NMY-2 on the cortex
In this study, we characterized two different roles for PAR signaling in the regulation of NMY-2 on the cortex. First, PAR signaling restricts NMY-2 cortical association during the maintenance phase to the anterior of the embryo. Second, PAR proteins prevent the displacement of polarized NMY-2 on the cortex. Together these two roles help to maintain proper NMY-2 cortical dynamics. Liu, Maduzia, et al. (2010) showed that NMY-2 is necessary to stabilize binding to PAR-6 and PKC-3 (Tabuse, Izumi, et al., 1998; Benton and St. Johnson, 2003) . We hypothesize that it has a stabilizing effect on the anterior domain, providing a relatively static substrate to which other anterior proteins are recruited. Research shows that PAR-2 and PAR-6 both have the ability to freely diffuse across the domain boundary (Goehring et al., 2011) . In addition, there is a population of PAR-6 that does not freely diffuse, and this second population may be the one that is bound to PAR-3 Robin et al., 2014) . To our knowledge, the diffusibility of PAR-3 has not been measured. In the absence of PAR-3, we hypothesize that CDC-42-associated PAR-6 generates the moving NMY-2 patch and is able to freely migrate across the cortex. In the presence of PAR-3, a portion of PAR-6 is held in place by PAR-3 oligomers, and, as a result, PAR-3 prevents the anterior domain from shifting.
The role of PAR-2 in inhibiting NMY-2 association According to our results, the role of PAR-2 with respect to NMY-2 localization is to inhibit PAR-A, preventing PAR-A, and by extension NMY-2, from associating with the posterior cortex. We do not believe that PAR-2 has the ability to directly inhibit NMY-2 association. In the absence of PAR-A, PAR-2 becomes ubiquitously distributed across the cortex Cuenca et al., 2003) . If PAR-2 had a required for high levels of CDC-42 activity, and in the absence of PAR-6, the biosensor used previously may be unable to detect residual CDC-42 activity.
Our par phenotypes place several requirements on unknown regulatory intermediates between PAR proteins and NMY-2. It is not sufficient for PAR-3 and PAR-6 to simply promote an NMY-2 activator in the anterior because this would not explain the observed increase in posterior NMY-2 association in par-3 and par-6 embryos. PAR-3 and PAR-6 repression of an NMY-2 inhibitor in the anterior is not sufficient, for the same reason. One possibility is that the hypothetical intermediate NMY-2 regulator is present in limiting amounts. The elevated NMY-2 we see in par-2 embryos precludes this possibility for a hypothetical NMY-2 activator. A second possibility is that there is both an NMY-2 activator and inhibitor and that par-3 or par-6 mutation causes these two to mix across the cortex, resulting in an intermediate level of cortical NMY-2.
The stabilizing influence of PAR-3 on the polarized cortex Our observed par-3 phenotypes provide insight into PAR-3's contribution to maintenance of polarity when knowledge of these phenotypes is combined with knowledge of PAR-3's molecular function. PAR-3 functions as a structural protein, oligomerizing with itself and 
par-1 prevents NMY-2 movement during maintenance phase
Here we explicitly studied the role of PAR-1, a historically overlooked protein, in regulating NMY-2. Many studies focus attention on PAR-2 because it is required for PAR-1 to associate with the cortex when PAR-3 is present, and par-1 mutations do not have significant maintenance-phase phenotypes (Etemad-Moghadam et al., 1995; Boyd et al., 1996; Motegi et al., 2011) . Of interest, however, there have been hints that PAR-1 has a larger role to play, specifically involving the actin-myosin cortex. NMY-2 was first identified as a protein that physically interacts with PAR-1 . In addition, an actin filament reporter reveals a reduced anterior domain at the end of establishment phase under par-1 RNAi (Velarde et al., 2007) . Our discovery of ectopic NMY-2 movement contributes another instance of PAR-1 interacting with the actinmyosin cortex.
The cause of ectopic NMY-2 movement in par-1 embryos is still unknown. Several potential causes have been ruled out by this study: CDC-42 activity, asymmetric NMY-2 pulling forces, and PAR-A/PAR-P dynamic interactions. Astral microtubules have been shown to be necessary for stability of the A/P domain boundary (Ai et al., 2011) . During the maintenance phase, the mitotic spindle forms and undergoes stereotypical movements (Albertson, 1984) . Perhaps astral microtubules or cortically associated microtubule motors exert rotational forces on the cortex as they move the pronuclear complex and mitotic spindle. This hypothesis is supported by the fact that PAR-1 homologues are known as regulators of microtubule dynamics in other organisms (Drewes et al., 1997; Doerflinger et al., 2003; Sapir et al., 2008a,b; Hayashi et al., 2011; Nishimura et al., 2012) . This hypothesis would also suggest an interpretation of our observation that RNAi against par-2, par-3, and par-6 is able to alter the direction of cortical movement because mutating these pars produces defects in pronuclear migration and spindle positioning (Kemphues et al., 1988; Watts et al., 1996; Sönnichsen et al., 2005) . We hypothesize that PAR-1, in cooperation with CDC-42, stiffens the actin-myosin cortex so that it is capable of resisting the forces produced by pronuclear complex and spindle dynamics. Important questions for further characterization of this process include determining the relevant targets of PAR-1 phosphorylation and the forces that drive NMY-2 movement.
MATERIALS AND METHODS
Strain maintenance and genetics
Supplemental Table S1 lists strains used in this study. Strains were maintained as previously described (Brenner, 1974) . All strains were grown at 20°C except EU822 and ATD2, which were grown at 15°C. The par-2(or373ts) phenotype was induced at the restrictive temperature of 25°C for >24 h. For crosses, JJ1473 males were generated by heat shock of L4 hermaphrodites at 30°C for 8 h or 31.5°C for 6 h. All strains generated in this study have been deposited at the Caenorhabditis Genetics Center (https://cgc.umn.edu).
RNA interference
RNAi was administered by feeding (Kamath et al., 2001) . RNAi plasmids were obtained from the Ahringer RNAi Library (Kamath, Fraser et al., 2003) , sequenced, and retransformed into HT115 Escherichia coli. HT115 E. coli cultures carrying an RNAi plasmid were grown overnight at 37°C in Lysogeny broth-Miller (BP1426-2; Fisher Scientific) plus 50 μg/ml carbenicillin. RNAi cultures were seeded on nematode growth medium-agar plates supplemented with 25 μg/ml carbenicillin and 1 mM isopropyl-β-d-thiogalactoside and grown overnight at 37°C. For complete RNAi, 3-d-old worms were picked to RNAi plates the next morning and incubated at direct inhibitory effect, we would expect an increase in NMY-2 association in doubly deficient embryos in the absence of PAR-3 or PAR-6, although perhaps not to wild-type anterior levels. Technically, however, our experiment cannot differentiate between the explanation presented here and the situation in which, added to this, there is also a posterior NMY-2-inhibiting factor that directly requires PAR-2 but is inhibited by PAR-3 and PAR-6.
Previous results for epistasis between par-2 and par-3 are mixed in their agreement with ours: Zonies et al. (2010) also found that doubly deficient embryos had uniformly moderate levels of cortical NMY-2, whereas Munro et al. (2004) found uniformly high levels of cortical NMY-2. Previous results for epistasis between par-2 and par-6 do not agree with ours: Beatty et al. (2013) found uniformly high levels of cortical NMY-2 in double-mutant embryos. On the other hand, Sailer et al. (2015) examined the CDC-42-inactivating protein CHIN-1 instead of NMY-2 and found that both par-3 and par-6 were epistatic to par-2. All characterizations of NMY-2 levels use the same nmy-2::gfp transgene (Nance et al., 2003) , and so the discrepancies are not due to different transgene expression levels. It is possible that the different use of RNAi and par mutant alleles is responsible for the observed differences in regulation. It is also possible that the results of Beatty et al. (2013) are confounded by their use of unc-45ts as a par-2 marker allele; unc-45 itself has been shown to affect NMY-2 cortical association in the zygote (Kachur et al., 2004 (Kachur et al., , 2008 . In the future, we will assay other components of the CDC-42 pathway in par mutant embryos so that the full nuances of the system can be uncovered and anomalous results can be more easily identified. the posterior pole was defined as 0° and toward the anterior pole as 180°. Because C. elegans zygotes have no dorsal/ventral markers, measurements from each embryo with a downward mean angle (>180°) were reflected across the A/P axis so that all mean angles were in the interval [0°, 180°].
Measurement of NMY-2::GFP foci movement in Supplemental Figure S1 was performed as described, except that anterior and posterior portions of each embryo were cropped from the image sequence and measured independently. Measurement of NMY-2::GFP foci movement in Supplemental Figure S4 via the tiled method was performed as described, except that, instead of single axial and circumferential kymographs, multiple kymographs in each direction were tiled across the embryo image.
Statistical methods
The 95% confidence intervals (CIs) of the mean indicate that identically performed experiments will contain the true mean within their CIs 95% of the time (Krzywinski and Altman, 2013) . They were calculated in MATLAB using the formula CI = ±t(s/√n), where s is sample SD, n is number of samples, and t is the critical t value at 1 − α = 0.95 and degrees of freedom n − 1.
25°C for >24 h. For partial RNAi, 4-d-old worms were picked to RNAi plates the next morning and incubated at 25°C for 7-10 h. Empty vector controls were performed using the L4440 (also known as pPD129.36) feeding vector (Timmons and Fire, 1998) . Strength of par RNAi was ensured by the presence of published par division phenotypes: symmetrical first division in par-2, par-3, and par-6 and synchronous second division in par-1 (Kemphues et al., 1988; Watts et al., 1996) .
Confocal microscopy
Embryos were dissected from hermaphrodites on a coverslip into Egg Salts (118 mM NaCl, 40 mM KCl, 3.4 mM CaCl 2 , 3.4 mM MgCl 2 ), inverted onto a 1% agar pad prepared with Egg Salts, and sealed with Petrolatum. Images were taken of the face of the embryo cortex nearer to the coverslip every 15 s at ambient temperature. Confocal fluorescence microscopy was performed on two different systems. Except in Supplemental Figure S2 , images were taken using an LSM700 scanning confocal system (Zeiss) attached to an Axio Observer.Z1 inverted microscope (Zeiss) equipped with a 63×/1.4 numerical aperture (NA) Plan Achromat oil immersion objective (Zeiss) and a Definite Focus focal drift correction system (Zeiss). Acquisition was controlled by ZEN Black software (Zeiss). Illumination was performed with a 488-nm solid-state diode laser, and images were collected with the LSM700 built-in photomultiplier tube. Four z-sections of width 0.70 μm were spaced 0.35 μm apart. Embryos were oriented with the anterior pole to the left. Images in Supplemental Figure S2 were taken using an UltraVIEW Vox CSUX1 spinning-disk confocal system (PerkinElmer) attached to a Ti-E inverted microscope (Nikon) equipped with a 100×/1.4NA Plan Apo oil immersion objective (Nikon) and a Perfect Focus focal drift correction system (PerkinElmer). Acquisition was controlled by Volocity software (PerkinElmer). Illumination was performed with a 488-nm solid-state laser, and images were collected with a back-thinned electron-multiplying charge-coupled device camera (C9100-13; Hamamatsu Photonics). Six z-sections of width 0.50 μm were spaced 0.25 μm apart.
Image analysis
Image sequences were imported into Fiji (Schindelin et al., 2012) or MATLAB (www.mathworks.com/products/matlab) using Bio-Formats (www.openmicroscopy.org/site/support/bio-formats5.1/about/). Z-stacks were flattened by maximum intensity projection. Images taken with the spinning-disk microscope were rotated in Fiji so that the embryo's anterior pole was to the left. Videos were scaled and encoded for publication using FFmpeg (www.ffmpeg.org). Average pixel intensity was determined in specific regions of the visible cortex as described in figure captions. Pixel intensities were normalized to average anterior fluorescence of balanced and empty vector (where appropriate) embryos imaged alongside the experimental embryos. When warranted, the maximum grayscale value of displayed images is normalized in the same way.
Most measurements of NMY-2::GFP foci movement were performed on kymographs constructed from the aforementioned image sequences described. From each image sequence, two kymographs were constructed from perpendicular sections: parallel to the A/P axis (axial) and perpendicular to the A/P axis (circumferential; Figure 5 A). Sections were 5 μm thick and 15 s apart. Foci were measured by tracing their movement down the kymographs. The slope of these traces at each time point along the kymographs yielded foci velocities in the axial and circumferential dimensions; these velocities were then combined to obtain speed and angle parameters for foci movement at each time point. Direction of movement toward
